Aberrant promoter hypermethylation of tumor suppressor genes is proposed to be a common feature of primary cancer cells. We recently developed a pharmacological unmasking microarray approach to screen unknown tumor suppressor gene candidates epigenetically silenced in human cancers. In this study, we applied this method to identify such genes in head and neck squamous cell carcinoma (HNSCC). We identified 12 novel methylated genes in HNSCC cell lines, including PGP9.5, cyclin A1, G0S2, bone-morphogenetic protein 2A, MT1G, and neuromedin U, which showed frequent promoter hypermethylation in primary HNSCC (60%, 45%, 35%, 25%, 25%, and 20%, respectively) . Moreover, we discovered that cyclin A1 methylation was inversely related to p53 mutational status in primary tumors (P ‫؍‬ 0.015), and forced expression of cyclin A1 resulted in robust induction of wild-type p53 in HNSCC cell lines. Pharmacological unmasking followed by microarray analysis is a powerful tool to identify key methylated tumor suppressor genes and relevant pathways.
INTRODUCTION
Head and neck cancer represents the sixth most frequent cancer in the world and at least 90% are squamous cell carcinomas (1) . Head and neck cancer patients with early-stage are often asymptomatic, resulting in delayed diagnosis and advanced-stage, thus the overall survival rate is one of the lowest of the major cancers and has not improved significantly during the last decades.
Molecular approaches have elucidated the molecular genetic changes in head and neck squamous cell carcinoma (HNSCC) progression (2) . Loss of chromosomal region 9p21 and inactivation of the p16 gene are the most common genetic changes and occur early in the progression of HNSCC (3) . Approximately half of all head and neck cancers also contain a mutation of the p53 gene located at 17p13 (4) . In addition, epigenetic pathways are presumed to play a significant role in silencing of tumor suppressor genes (TSGs) during human carcinogenesis. Epigenetic transcriptional silencing by promoter hypermethylation of TSGs is thought to be a common feature of human cancer (5, 6) . Several critical TSGs epigenetically silenced in specific cancers have been reported, including RAS association domain family 1A gene in lung cancer (7) , opioid binding protein/cell adhesion molecule like (OPCML) gene in ovarian cancer (8) and RUNX3 in gastric cancer (9) . Although some methylated genes have been reported in HNSCC, including p16, O 6 -methylguanine-DNA methyltransferase (4), death-associated protein kinase (10) and RAS association domain family 1A gene (11) , they all occur in Ͻ33% of primary tumors. Therefore there is a need to characterize more methylated targets and identify more prevalent epigenetically silenced TSGs in HNSCC.
Oligonucleotide microarray-based analysis is an emerging technology for genome-wide detection that has opened up new possibilities in epigenetic research. We recently described a pharmacological unmasking microarray approach based on application of the demethylating agent, 5-aza-2Ј-deoxycytidine (5Aza-dC), and histone deacetylase inhibitor, trichostatin A (TSA) to cancer cell lines followed by hybridization of cRNA containing re-expressed genes to standard microarrays (12) . In the present study, we applied this pharmacological unmasking microarray approach to HNSCC to comprehensively identify common epigenetically silenced genes. Through this highthroughput screening approach, we identified many novel methylated TSG candidates, some of which showed frequent hypermethylation specific to primary tumors. Moreover, we discovered a unique inverse relationship between cyclin A1-promoter hypermethylation and p53 mutation in these tumors.
MATERIALS AND METHODS
Cell Lines and Tissue Samples. HNSCC cell lines, 011, 012, 013, 019, 022, and 028 were established in Johns Hopkins University, Department of Otolaryngology-Head and Neck Surgery (Baltimore, MD) and FADU was obtained from the American Type Culture Collection (Manassas, VA). 011, 012, 013, 019, 022, and 028 cells were grown in RPMI 1640 (Invitrogen, Carlsbad, CA) supplemented with 10% fetal bovine serum (Hyclone, Logan, UT) and FADU cells in MEM (Invitrogen) with 10% fetal bovine serum. In all, 39 primary HNSCC tissues were obtained from surgical specimens resected at the Johns Hopkins University Hospital. We used 11 oral epithelium tissue samples from healthy non-smoking individuals as normal controls. Tumor DNA was prepared as described previously (13) . P53 mutational status of these tumor samples was analyzed as described previously (14) .
5Aza-dC and TSA Treatment of Cells. We treated HNSCC cell lines with 5Aza-dC and/or TSA as described previously (12) . Briefly cells were split to low density (1 ϫ 10 6 cells/T-75 flask) 24 hours before treatment. Stock solutions of 5Aza-dC (Sigma, St. Louis, MO) and TSA (Sigma) were dissolved in DMSO (Sigma) and 100% ethanol, respectively. Cells were treated with 0.2 or 2 mmol/L 5Aza-dC for 5 days and/or 300 nmol/L TSA for last 24 hours. We also mock-treated cells with the same volume of DMSO or ethanol.
Oligonucleotide Microarray Analysis and RT-PCR Analysis. Total cellular RNA was isolated using the RNeasy kit (Qiagen, Valencia, CA) according to the manufacturer's instruction. We carried out oligonucleotide microarray analysis using the GeneChip Human Genome U95Av2 Array (Affymetrix, Santa Clara, CA) as described previously (12) . Signal intensity for each transcript was analyzed using the Microarray Suite Softwear 5.0 (Affymetrix). We used a 3-fold increase cutoff value after 5Aza-dC and/or TSA treatment to identify candidate genes.
Total RNA was measured and adjusted to the same amount for each cell line, and then cDNA synthesis was performed using random hexamers with the SuperScript First-Strand Synthesis kit (Invitrogen). The final cDNA products were used as the templates for subsequent PCR with primers designed specifically for each candidate gene. Glyceraldehyde-3-phosphate dehydrogenase was examined to ensure accurate relative quantitation in PCR. The PCR products were resolved by agarose gel and visualized with ethidium bromide staining. Detailed PCR conditions and primer sequences are available upon request.
Any gene determined to be up-regulated after 5Aza-dC treatment was notated. We then selected commonly up-regulated genes that occurred in two or more cell lines. Reverse-transcription (RT)-PCR did not always confirm up-regulation, because of hybridization errors in the microarray analysis.
Bisulfite Genomic Sequence Analysis. Bisulfite sequence analysis was performed to check the methylation status in cell lines and clinical samples. We extracted genomic DNA and carried out bisulfite modification of genomic DNA as described previously (15) .
Bisulfite-treated DNA was amplified for the 5Ј region that included the proposed transcriptional start site using primer sets. The primers were designed from regions in which there are no CpG dinucleotides. Detailed primer sequences and PCR conditions are available upon request. The PCR products were gel-purified using the QIAquick Gel Extraction Kit (Qiagen) according to the manufacturer's instructions. Each amplified DNA sample was applied with nested primers to the Applied Biosystems 3700 DNA analyzer using BD terminator dye (Applied Biosystems, Foster City, CA).
Immunohistochemical Analysis of Cyclin A1 and p53. Four micrometerthick sections sliced from paraffin-embedded HNSCC specimens were deparaffinized by xylene and subjected to antigen retrieval by microwaving in 10 mmol/L of sodium citrate for 30 minutes. The sections were incubated with a mouse monoclonal antihuman cyclin A antibody (6E6, Novocastra Laboratory, Newcastle United Kingdom) and with a mouse monoclonal anti-p53 antibody (Ab-8, Neomarker, Fremont, CA) for 12 to 16 hours at 4°C and stained by EnVisionϩSystem (DAKO, Carpinteria, CA).
Transfection of Human Expression Vectors and Western Blotting. A full-length cDNA of cyclin A1 was isolated from HNSCC cell line 012 using PCR with the primer sets 5Ј-AAAAAGCTTCCACCATGGAGACCGGCTT-TCCCGCAATC-3Ј and 5Ј-TTTTCTAGATTGTAGAAGAAGAACTGCAG-GTGGC-3Ј. The PCR products were cut with HindIII and XbaI and ligated to HindIII-XbaI digested p3xFLAG-CMV (Sigma). HNSCC cell lines (019, 022, 028, and Fadu) were plated at 2 ϫ 10 5 /well using 6-well plates and transfected with either p3xFLAG-CMV-cyclin A1 or no insert of p3xFLAG-CMV-mock using the FuGene 6 Transfection Reagent (Roche, Basel, Switzerland) according to the manufacturer's protocol. After 2 days of transfection, cells were washed with PBS and suspended in 200 l of RIPA buffer (50 mmol/L Tris-HCl (pH 7.5), 150 mmol/L NaCl/1% NP40/0.5% sodium deoxycholate/ 0.1% SDS) containing 1 mmol/L phenylmethylsulfonyl fluoride. The cells were incubated on ice for 20 minutes and then scraped. The lysate was then centrifuged at 10,000 rpm for 10 minutes, and supernatant was stored at Ϫ80°C. Western blotting was performed as described previously (16) . The blot was incubated with anti-p53 antibody (Neomarker), anti-FLAG M2 antibody (Sigma), and anti-␤-actin (Sigma) for 1 hour at room temperature and then incubated with peroxidase-conjugated sheep antimouse antibody (Amersham Biosciencies, Piscataway, NJ) for 1.5 hours. After washing, an ECL kit (Amersham Biosciencies) was used to visualize the antibody binding to each protein.
Statistical Analysis. Statistical significance of the prevalence of cyclin A1 methylation and p53 mutation was assessed by Fisher's exact test.
RESULTS

Pharmacological Unmasking Followed by cRNA Microarray.
We treated HNSCC cell lines, 011 and 013, with 2 mol/L 5Aza-dC for 5 days or 0.2 mol/L 5Aza-dC for 5 days plus 300 nmol/L TSA for the last 24 hours to reactivate epigenetically silenced genes. Then we extracted total RNA from these cell lines and compared gene expressions profiles between mock and 5Aza-dC and/or TSA-treated cells by microarray chips. We first selected 278 commonly up-regulated genes in both 011 and 013 after treatment (up-regulation was defined as a 3-fold increase compared with mock; Fig. 1 ). We reduced the number of the candidate genes to 140 genes by expression profile analysis. This analysis was based on comparison of expression patterns 4 in HNSCC and normal tissue followed by elimination of genes not expressed in normal tissue and unknown genes. We then selected 53 genes with dense CpG sites (CpG Ͼ 15% or GC-rich Ͼ 60% over 50 bp) in the promoter region to focus on those most likely to be inactivated by promoter hypermethylation (Fig. 1) .
Gene Reactivation and Promoter Hypermethylation in HNSCC Cell Lines. We investigated expression of the 53 genes described above by RT-PCR using seven HNSCC cell lines before and after pharmacological unmasking (Table 1 ; representative results are shown in Fig. 2A ). Among these 53 genes, 23 were completely silenced in at least one of the seven HNSCC cell lines. The remaining 30 genes showed baseline expression and increased expression after treatment. We previously reported that most of the latter genes with baseline expression are eventually found to lack promoter methylation (12) . We thus examined the methylation status in the promoter region of the 23 genes with no baseline expression using bisulfite sequencing (Table 1) . Among these 23 genes, 12 were methylated in at least one of the seven HNSCC cell lines ( Fig. 2B and representative results were shown in Fig. 2C ), and this methylation status was completely consistent with gene expression by RT-PCR.
Promoter Hypermethylation in Primary HNSCC Tumors. The methylation status of cancer cell lines does not always reflect the prevalence of methylation in primary tumors. We investigated the promoter methylation status of these 12 genes in 20 primary HNSCC tissues and 11 normal samples by bisulfite sequence analysis. Ten genes were methylated in primary HNSCC (Table 1) ; however, only six genes [protein gene product 9.5, PGP9.5; cyclin A1, G 0 /G 1 switch gene 2, G0S2; metallothionein 1G, MT1G; bone-morphogenetic protein 2A, bone morphogenetic protein 2A (BMP2A); and neuromedin 4 http://cgap.nci.nih.gov. We treated HNSCC cell lines, 011 and 013, with 0.2 or 2 mol/L 5Aza-dC and/or 300 nmol/L TSA to reactivate epigenetically silenced genes. We first selected 278 genes commonly up-regulated (Ͼ3.0-fold increase) after pharmacological unmasking. We reduced the number of the candidate genes to 140 by expression profile, based on database analysis of expression patterns in normal and tumor tissues. We finally selected 53 genes with dense CpG sites and investigated the expression of all of these genes by RT-PCR in seven HNSCC cell lines. We found that 23 of those 53 genes were completely silenced in at least one of the cell lines. Next we examined methylation status in the promoter region of these 23 genes by bisulfite sequencing. Among these 23 genes, 12 were methylated in at least one of the HNSCC cell lines. We then investigated methylation of these 12 genes in primary HNSCC tissues and normal samples by bisulfite sequence analysis. Ten genes were methylated in primary HNSCC and only six were specifically methylated in tumor and yet remained unmethylated in normal samples. U] were methylated in a tumor-specific manner ( Fig. 3A ; representative results are shown in Fig. 3B ). The frequency of methylation in primary tumors was 60% for PGP9.5, 45% for cyclin A1, 35% for G0S2, 25% for BMP2A, 25% for MT1G, and 20% for neuromedin U. MHC class I, EMP-3, Cox7A1, and HE-4 were methylated in both normal tissues and primary tumors.
Hypermethylation of Cyclin A1 and p53 Mutation. We were intrigued to discover tumor-specific methylation of cyclin A1 in 45% of primary HNSCCs. Cyclin A1 is known to be downstream of p53 (17) , a known component of growth arrest and apoptosis in certain circumstances (18 -20) . We thus decided to investigate the relationship between cyclin A1 methylation status and p53 mutational status in 39 primary HNSCC tissues. Surprisingly, cyclin A1 methylation status showed a marked inverse correlation with p53 mutational status ( Table 2) . Cyclin A1 was clearly more frequently hypermethylated in primary tumor tissues with wild-type p53 status (11 of 19, 58%) as compared with methylation in those with mutant status (4 of 20, 20%; P ϭ 0.015). Furthermore, quantitative analysis of cyclin A1 in these latter four samples showed only minimal methylation by real-time methylation-specific PCR (ref. 21 ; data not shown). This finding confirmed selective pressure against cyclin A1 expression in p53 wild-type but not p53 mutant cells.
Expression of Cyclin A1 and p53 in Primary HNSCC Tissue. Representative results of immunohistochemistry of cyclin A1 and p53 in primary HNSCC tissues are shown in Fig. 4 . Staining for both gene products was localized to the nucleus of tumor cells. Overexpression of p53 protein was found in primary HNSCC with mutant p53 status as expected (Fig. 4B) . Bisulfite sequence analysis revealed absence of cyclin A1 methylation in this tumor, and cyclin A1 protein was expressed robustly (Fig. 4C) . On the other hand, p53 protein was not 
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* Gene expression in HNSCC cell lines by RT-PCR, if at least one of the cell lines showed little or no expression before 5Aza-dC treatment and reactivation after treatment, the expression pattern for the gene of interest was included.
† Before and after 5Aza-dC treatment. ‡ Methylation analysis by bisulfite sequencing. § Primary HNSCC tissue.
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Research. (Fig. 4E) , and cyclin A1 expression was nearly absent in this sample because of hypermethylation of cyclin A1 (Fig. 4F) . These results further support the inverse correlation between cyclin A1 and p53 shown in Table 2 .
Cyclin A1 Induced p53 in HNSCC Cell Lines with Wild-Type p53. We then made a cyclin A1 cDNA construct with a cytomegalovirus (CMV) promoter and transfected the plasmid into four HNSCC cell lines to examine the effect of forced cyclin A1 expression on the p53 pathway. Transient expression of cyclin A1 clearly induced p53 protein in p53 wild-type HNSCC cells (022 and 028; Fig.  5A ) but not in cells with mutant p53 (019 and Fadu). These results suggest that cyclin A1 is involved in p53 induction and thus possesses a potential suppressive role in HNSCC carcinogenesis. Combined with previous data demonstrating induction of cyclin A1 by wild-type p53, we propose a positive feedback loop between cyclin A1 and p53 that is abrogated in HNSCC by p53 mutation or silencing of cyclin A1 expression through promoter hypermethylation (Fig. 5B) .
DISCUSSION
Until recently, most methylated targets were identified by laborious testing using one gene at a time. Our pharmacological treatment and microarray approach allows rapid and comprehensive screening of multiple gene promoters in cancer cell lines. Using microarray data after treatment to assess reversal of epigenetic silencing and using direct sequencing to validate the presence of methylation, we identified six cancer-specific methylated genes in primary HNSCC samples. Each of these genes is now a molecular marker for diagnostic and therapeutic approaches in human cancers (22) .
From our previous experiments (12), we noticed that the pharmacological unmasking up-regulated many genes without DNA hypermethylation, because these genes might be downstream of true epigenetically silenced genes in cancer cell lines. We found that complete silencing of expression before treatment is a useful landmark to identify genes with DNA hypermethylation. Fifteen of 32 completely silenced genes (55%) in our previous results in esophageal squamous cell carcinoma (12) and 12 of 23 (52%) in this study in HNSCC were found to be methylated. Thus, we believe RT-PCR is very effective for further screening in that it distinguishes complete silencing of gene expression from very low expression levels. Indeed, we ruled out 30 genes among 53 candidates by initial RT-PCR. The pharmacological unmasking approach still has some weak points. For example, we did not observe up-regulation of some genes previously reported as meth- Fig. 3 . Cancer-specific hypermethylation in primary HNSCC tissue. A, summary of methylation profiles of six cancer-specific methylated genes in primary HNSCC tissues. These six genes were methylated in primary tumor but not methylated in normal samples, suggesting cancer specific hypermethylation. Filled boxes indicate methylation; open boxes indicate absence of methylation by bisulfite sequence analysis. B, bisulfite sequence analysis of the four representative genes methylated in primary HNSCC tissue. Asterisks ‫)ء(‬ indicate CpG islands in each gene. After bisulfite treatment, methylated CpGs are protected, whereas unmethylated CpGs are converted to TGs. These six genes showed cancer-specific hypermethylation in primary HNSCC tissues. * Immunohistochemistry (IHC) was done in six cases and four of these cases showed little or no expression of cyclin A1. The remaining two cases showed weak staining in Ͻ30% of cells.
† Methylation present in Ͻ10% alleles. ‡ IHC was done in five cases and all cases showed robust expression of cyclin A1. More robust demethylation could also be achieved by further combination of demethylating agents and HDAC inhibitors or by a more sensitive approach such as differential cloning (23) . Moreover, additional microarray algorithms are needed to more quickly focus screening efforts on the best candidate genes.
Among the new methylated genes in HNSCC, we previously identified methylation of MT1G and neuromedin U in esophageal squamous cell carcinoma (12) . PGP9.5 showed the highest frequency of cancer-specific methylation in this study of head and neck cancer. PGP9.5 is a neuro-specific peptide that functions to remove ubiquitin from ubiquitinated proteins and prevents them from targeted degradation by proteasomes (24) . Serial analysis of gene expression analysis identified PGP9.5 overexpression in lung carcinoma; however, half of the primary tumors displayed absent expression (25) . One recent study revealed a high prevalence of PGP9.5 methylation in pancreatic cancer (26) . Taken together, we propose that PGP9.5 is silenced by hypermethylation in many cancers and might function as a tumor suppressor gene in these tumors.
Other identified methylated genes such as G0S2 and BMP2A provide intriguing insight into tumor suppression. Early mRNA expression of G0S2 is inhibited by cyclosporin A, which also inhibits Ca2ϩ-mediated up-regulation of the DNA repair enzyme DNA polymerase ␤ in human peripheral blood mononuclear cells (27) . G0S2 may thus directly augment the DNA repair system in human cells. BMP2A is part of the BMP family, which belongs to the transforming growth factor-␤ superfamily. Recently, BMP1 mutations were found in patients with juvenile polyposis, suggesting that BMP family members function as tumor suppressors (28) . Furthermore, recent observations suggest that BMP2 mediates retinoid-induced apoptosis in medulloblastoma cells (29) and may be necessary and sufficient for apoptosis in retinoid-responsive cells.
The most interesting finding was the high frequency of cyclin A1 methylation in HNSCC. Cyclin A1 is a known down stream target of p53 (17) . We investigated the relationship between cyclin A1 methylation and p53 mutational status in primary HNSCC and found an intriguing reciprocal correlation, suggesting that cyclin A1 expression is not tolerated in tumors when p53 is in a wild-type state. Furthermore, we demonstrated that cyclin A1 induced p53 in HNSCC cell lines with wild-type p53 but not in cells with mutant p53. This induction of p53 could be caused by a variety of mechanisms, directly or indirectly, which need to be explored in much greater detail. However these results are supported by a recent report (30) , suggesting that cyclin A1 is involved in repression of DNA rereplication by p21 induction through p53.
Cyclin family members are well-known molecules that play a relevant role in cell cycle progression and are often overexpressed in a subset of cancer tissues (31) . On the other hand, there have been several reports describing the involvement of cyclin A1 in growth arrest and apoptosis. Meikrantz et al. showed that cyclin A1 induced apoptosis in HeLa cells after exposure to chemical agents and that the induction of apoptosis was accompanied by cyclin A-dependent protein kinases. They suggested that cyclin A targets activated cell division cycle 2 and cyclin-dependent kinase 2 to substrates necessary A full-length cyclin A1 cDNA was cloned into p3xFLAG-CMV, and HNSCC cell lines (019, 022, 028, and Fadu) were transfected with either p3xFLAG-CMV-cyclin A1 or no insert p3xFLAG-CMV-mock. Western blotting was performed with anti-p53 antibody, anti-FLAG M2 antibody and anti-␤-actin. Cyclin A1 induced p53 protein robustly in HNSCC cells with p53 wild-type (022 and 028) but not in cells with mutant p53 (019 and Fadu). B, proposed positive feedback model between p53 and cyclin A1. This pathway is abrogated in primary tumors through p53 mutation or methylation of the cyclin A1 promoter. for chromatin condensation and other morphological changes during apoptosis (18) . They also showed that cyclin A expression markedly elevated the level of apoptosis in BCL-2 ϩ cells (19) . Others observed that cyclin A mRNA levels were elevated in cells undergoing apoptosis (20) . In addition, they demonstrated that Zn 2ϩ -inducible cyclin A expression was sufficient to cause apoptosis and apoptosis induced by c-Myc accompanied by elevated cyclin A mRNA levels. These results suggest that cyclin A1 possesses a growth-suppressive function in specific cellular contexts. The reciprocal relationship between cyclin A promoter methylation and p53 mutation suggests that these genes are in the same pathway. This relationship is reminiscent of independent antigen-presenting cells inactivation and ␤-catenin-activating mutations in colorectal carcinoma (32) or the inverse relationship between Ras and Raf mutations in primary colorectal carcinoma and lung cancer (33) . Our results support the critical nature of the p53 pathway in HNSCC (2) and suggest that cyclin A1 may be an important amplification signal for p53 activity in HNSCC. Continued unmasking of genetically silenced genes is likely to identify new diagnostic and therapeutic targets in human cancers.
